This paper deals with the economic emission dispatch (EED) problem relating to real and reactive power scheduling of thermal power generating units. The formulated EED problem is solved using weighting method to generate non-inferior solutions which allows explicit trade-offs between objective levels for each non-inferior solutions. Fuzzy decision making methodology is exploited to decide the generation schedule. To access the indifference band, interaction with the decision maker is obtained via cardinal priority ranking (CPR) of the objectives. The cardinal priority ranking is constructed in the functional space and then transformed into the decision space, so the cardinal priority ranking of objectives relate the decision maker's preferences to non-inferior solutions through normalized weights. Regression analysis is performed between the cardinal priority ranking and simulated weights to decide the 'best' compromised solution. Decoupled load flow analysis is performed to find the loss coefficients and transmission losses. The validity of the proposed method is demonstrated on IEEE 11-bus system which comprises 3-generators.
Introduction
In a large number of real-life decision problems, a decision maker is faced with difficulties to take a decision, especially when multiple objectives are present in the decision space and these are to be achieved simultaneously. This problem becomes more complicated when the objectives are conflicting, non-commensurable and imprecise in nature. Such types of problems are called multiobjective optimization problems in which the goal is to maximize or minimize several objective functions, simultaneously. For effective operations, the optimal power scheduling problem has mainly confined to minimize the generation cost regardless of emission constraints. With the increase in the environmental awareness and the passage of environmental regulations, the clean air act amendments of 1990 (El-Keib, 1994) has forced utilities to modify their operating strategies to reduce pollution and atmospheric emissions of thermal power generation to meet environmental standards. So the environmental constraints have become of vital concern to system operators to control emissions such as oxides of nitrogen (NO x ), oxides of sulphur (SO x ) and oxides of carbon (CO x ) from thermal plants, which are of greater concern to power utility and communities (Tsay, 2003) . The conventional optimization techniques are not suitable to obtain the optimal solution, which simultaneously optimizes a variety of objectives. Multiobjective optimization methodology permits a better simulation of real word problems, often characterized by contrasting/ conflicting goals, and gives the planner the capability of making the final decision by selecting, on the basis of his individual point of view, the most trade-off solution in a wide range of suitable solutions. For the solution of such multiobjective problems different techniques have been reported in literature pertaining to economic-emission dispatch problem (Bath et al., 2004; Chaaban et al., 2004; Singh and Dhillon, 2008) . Ramanathan (1994) has presented a methodology to include emission constraints in classical economic dispatch, which contains an efficient weights estimation technique. Talaq et al. (1994) have given a summary of work in the area of environmental/economic dispatch which includes several techniques intended to reduce emissions into the atmosphere due to electric power generation. Hota et al. (2000) have solved the economic emission load dispatch through an interactive fuzzy satisfying method. Basu (2002) has used the Hopfield neural networks to solve fuel constrained economic emission load dispatch problem. Chen and Chen (2003) have presented a direct Newton-Raphson economic emission dispatch method which considers the line flow constraints by evaluating the B-coefficients from the sensitivity factors with dc load flow. Abido (2003) has presented a novel approach based on the strength of Pareto evolutionary algorithm to solve environmental/economic power dispatch optimization problem. Fuzzy based mechanism is employed to extract the best compromise solution over the trade-off curve. Brar et al. (2002) have used fuzzy logic based weightage pattern searching to obtain the solution of multiobjective load dispatch problem. The evolutionary optimization technique has been employed in which the 'preferred' weightage pattern is searched to get the 'best' optimal solution in non-inferior domain. An analytical solution technique for combined economic emission dispatch problem has been presented by Palanichamy et al. (2008) . The fuel cost as well as the emission characteristics of generating units is represented by their respective equivalent characteristic in terms of power plant total generations.
The intent of the paper is to solve EED problem in which four objectives like operation cost, NO x emission, SO x emission and CO x emission are minimized simultaneously. The objectives are of conflicting nature and improvement in one objective can be reached only by the reduction of other. The formulated EED problem is solved using weighting method to generate non-inferior solutions which allows explicit trade-offs between objective levels for each non-inferior solution. Exploiting fuzzy decision making theory, membership functions relating to objectives are defined those play a vital role to find the 'best alternative' among the non-inferior solutions. To access the indifference band, interaction with the decision maker is obtained via cardinal priority ranking of the objectives. The cardinal priority ranking is constructed in the functional space and then transformed into the decision space, so the cardinal priority ranking of objectives relate the decision maker's preferences to non-inferior solutions through normalized weights. Regression analysis is performed between the cardinal priority ranking and simulated weights to decide the 'best' compromised solution. Decoupled load flow (DLF) analysis is performed to find the loss coefficients, real and reactive power losses. The effectiveness of the proposed method is demonstrated on IEEE 11-bus, 17-lines system, comprising 3-generators.
EED problem formulation
The problem formulation treats EED problem in which the attempt is made to minimize conflicting objective functions simultaneously, while satisfying equality and inequality constraints. Generally the problem is formulated as:
Minimize operating cost:
Minimize NOx emission:
Minimize SOx emission:
Minimize CO x emission: 
Equality constraints
The total real and reactive powers generated must meet the total demand and losses in the system. 
Inequality constraints
To ensure stable operation, each generating unit is restricted by its lower and upper limits of real and reactive power outputs. 
Power transmission losses
The real and reactive power transmission losses, loss P and loss Q are given by following equations:
[ ]
[ ] (Dhillon, 1993) .
Solution procedure
To generate the non-inferior solutions, the multiobjective problem is converted into scalar optimization problem as:
ii) Eq. (5) to (8) where w j are the levels of the weighting coefficients. L is the total number of objectives. The sum of all weights is equal to one. To find the solution, constrained problem is converted into an unconstrained problem. Equality and inequality constraints are clubbed with objective function to form generalized augmented function as: 
λ are lagrangian multipliers, k r 1 is penalty factor. The Newton-Raphson method is applied to obtain the non-inferior solutions for simulated weight combinations, to achieve the necessary conditions.
Cardinal priority ranking
The L to achieve maximum satisfaction.
Flow chart
The economic emission dispatch problem is solved by various steps. The step wise procedure is depicted in flow chart given in Figure 1 .
Test system and results
The validity of the proposed method is illustrated on 11-bus, 17-lines IEEE system, comprising of three generators (Singh et al., 2006) . Minimum and maximum values of the objectives are obtained by performing minimum economic and emission dispatch respectively. Minimum and maximum values of the objectives are shown in Table 1 . To obtain the solution of EED problem, three different cases are considered in which weights are simulated with different step sizes so that their sum remains equal to one and are as: Case-I: Weights are simulated by giving variation in step of 0.05 Case-II: Weights are simulated by giving variation in step of 0.02 Case-III: Weights are simulated by giving variation in step of 0.01 Non-inferior solutions, corresponding membership functions for all the objectives along with the cardinal priority ranking for the simulated weight combinations are shown in Table 2, Table 3 and Table 4 for all the above three cases. By performing linear regression analysis, the obtained best values of weights and the corresponding values of fuel cost, NO x emission, SO x emission, CO x emission for all the three cases are compared and are shown in Table 5 . It has been observed from Case-I, Case-II and Case-III that the minimum value of the membership functions of the objectives is improved by decreasing the step size of the weights. The membership function increases from 0.5165955 to 0.5241862 with the decrease in step size from 0.05 to 0.02 and further 0.5241862 to 0.5430062 with the decrease in step size from 0.02 to 0.01. The results obtained in the proposed method are also compared with the results of Brar et al. (2002) . It has been observed that, the solutions achieved in proposed method have more membership satisfaction as compared to the results presented in Brar et al. (2002) . It is clear from all the three cases that by reducing the step size of the weights, better membership satisfaction is achieved and when the overall outcome is less than some of the non-inferior solutions try with the reduced step size which will improve the overall outcome. The 'best' power generation schedule for all the three cases of proposed method is given in Table 6 . 
Conclusions
The solution set of the problem is non-inferior due to conflicting nature of the objectives and has been obtained through weighting method. The novel formulation as economic emission dispatch problem has made it possible to quantitatively grasp trade-off relations among conflicting objectives. The trade-off approach is effective only for two objectives, as the number of objectives increases the selection of best solution becomes cumbersome. Exploiting fuzzy set theory an interactive cardinal priority ranking method has been applied to identify the best compromise solution for EED problem, when conflicting objectives are more than two. The major characteristics and advantages of the cardinal priority ranking method are that the cardinal priority ranking functions, which relate the decision maker's preference to the non-inferior, solutions though the trade-off functions, are constructed in the functional space and only then are transformed in to the decision space. The proposed method provides interface between the decision maker and the mathematical model through cardinal priority ranking. It also allows explicit tradeoff between fuel cost of units with NO x emission, SO x emission and CO x emission levels, respectively. Results of the proposed method are compared with Brar et al. (2002) . The proposed method gives better results in terms of overall membership satisfaction and real and reactive power losses. Study can be extended by adopting ε-constraint method or shifted min-max method to generate the non-inferior solution surface. Generally, the weights are either simulated or searched in the non-inferior domain. Evolutionary search technique may be implemented to search the 'preferred' weightage pattern in the non-inferior domain, which may correspond to the 'best' compromised solution.
